Due to the central role of DNA, its interactions with inorganic salts and small organic molecules 15 are important for understanding various fundamental cellular processes in living systems, 16
DNA is one of the most essential elements of life, and its interactions with inorganic salts and 36 small organic molecules are important for many reasons 1, 2 . First, understanding these 37
interactions is critical for understanding various fundamental cellular processes in living systems 38 1, [3] [4] [5] . For example, genomic stability and DNA repair rely on the presence, mediation, and/or 39 participation of metal ions 1, [6] [7] [8] . Second, the DNA interactions with salts/molecules are important 40
for the mechanism of diseases, especially those related to DNA damaging and repairing 9-11 . For 41 example, heavy metal ions and various chemical carcinogens and mutagens interact and react 42
with DNA directly or indirectly, causing many human cancers [12] [13] [14] . Third, understanding these 43
DNA interactions helps to discover, design and develop inhibitors and drugs targeting DNA for 44 treating various diseases [15] [16] [17] . For example, DNA damaging agents have been widely used in 45 treating many cancers [16] [17] [18] . Therefore, it is important to understand the interactions between DNA 46 and inorganic salts or small organic molecules. 47 48 Various techniques have been developed for investigating the interactions between DNA and 49 other molecules, including gel electrophoresis, melting-curve, fluorescence anisotropy, circular 50 dichroism, isothermal titration calorimetry, x-ray absorption spectroscopy, optical tweezers, 51 magnetic tweezers, electron paramagnetic resonance, Raman spectroscopy, and nuclear 52 magnetic resonance spectroscopy [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . However, there is still a need for improved sensitivity to 53 detect these interactions. First, improving the sensitivity helps to identify molecules that interact 54 with DNA weakly 38 . Second, when expensive sophisticated equipment is not available, there is a 55 need to develop a general strategy to enhance the sensitivities of detection of weak interactions 56 of DNA with various molecules 38 . 57 58
In this work, we demonstrated the application of bent DNA bows 39-42 as amplifiers and sensors 59 for detecting and measuring the interactions between DNA and 14 different inorganic salts and 60 small organic molecules. The DNA bows are constructed as illustrated in Fig. 1A and described 61 in the "Material and Methods" section. They consist of two segments: a bent double-stranded 62 segment and a stretched single-stranded part [39] [40] [41] [42] . The mechanical energy stored in the bent 63 DNA bows makes them more susceptible and sensitive to perturbations caused by the 64 interactions of DNA with other molecules 41,43,44 . For example, the bending elastic energy in the 65 DNA bows helps to drive the formation of dimers ( Fig. 1B) or higher-order oligomers or to stimulate 66 the dissociation of double strands into single strands, as the elastic energy gets released in both 67 the dimers or single strands [39] [40] [41] [42] . Due to the improved susceptibility and sensitivity, the bent DNA 68 bows enabled us to detect these interactions much more easily than unbent DNA. In addition, we 69
showed that this technique based on bent DNA bows were capable of quantifying these 70
interactions by fitting the relationship between the percentage of bent DNA bows and the 71 concentrations of the tested salts or molecules presented in the solutions using the modified Hill 72 equations, which report the strength of the DNA-salt or DNA-organic compound interactions. 73 74
Material and Methods

76
Construction of DNA bows 77 78
Synthetic DNA oligos were purchased from Integrated DNA Technologies (IL, USA) and 79 resuspended in distilled water to a final concentration of 100 µM. The oligos used in this study 80 include S45 (5' -CAC AGA ATT CAG CAG CAG GCA ATG ACA GTA GAC ATA CGA CGA CTC 81 -3'), S30B (5' -CTG CTG AAT TCT GTG GAG TCG TCG TAT GTC -3'), S45CF (5' -GAG TCG 82 TCG TAT GTC TAC TGT CAT TGC CTG CTG CTG AAT TCT GTG -3'), S30CM (5' -GTA TGT 83
CTA CTG TCA TTG CCT GCT GCT GAA -3'), and S30CR (5' -TAC TGT CAT TGC CTG CTG 84 CTG AAT TCT GTG -3'). 85 86
Bent DNA bows were constructed from two synthesized single-stranded DNA (S45 and S30B) via 87 self-assembly following our previous work 41 . The sequences of the single strands were designed 88 such that the last 15 bases at the 5'-end of the long strand (S45) hybridize to the 5'-half of the 89 short strand (S30B), while the last 15 bases at the 3'-end of S45 hybridize to the 3'-half of S30B. 90
Upon hybridization, a circular construct is formed, with a double-stranded segment of 30 base 91 pairs (bp) with a nick and a single-stranded segment of 15 bases [39] [40] [41] [42] . Three linear constructs 92 (CF, CM, and CR, shown in Fig. S1 ) were used as negative controls. Upon hybridization, CF (S45 93 + S45CF) is double-stranded completely, while CM (S45 + S30CM) and CR (S45 + S30CR) have 94 overhangs of single strands at one or two sides, respectively. The long strands for CF and CM 95 are the same as the long one in the DNA bows. 96 97
Detection of DNA-interacting salts/molecules using DNA bows 98 99
The detection of DNA-interacting salts/molecules using DNA bows is illustrated in Fig. 1C . Briefly, 100 single strands (S45 and S30B) were mixed at equal molar amounts in background buffer (0.4 mM 101
Tris-HCl with pH adjusted to 7.5 and 0.5 mM NaCl) to reach a final concentration of 2 µM 41 . The 102
DNA samples without other ions or molecules of interest were used as baselines/controls. To 103 detect possible interactions of ions and molecules of interest, solutions of the salts/molecules of 104 interest were prepared in water and mixed with DNA strands in the background buffer to reach 105 desired concentrations ( Table 1 ). The mixtures were heated to 75ºC for 2 min and gradually 106 cooled down to 22ºC (room temperature) in 5 hr 41 . The mixtures were incubated at 22ºC for 107 overnight to allow full equilibrium, followed by gel electrophoresis for visualization on the second 108 day 41 . 109 110 Fisher Scientific, MA, USA) and 6 mL of distilled water were mixed thoroughly and degassed for 120 5 min in vacuum. The mixture was poured into gel cast cassette immediately after adding 10 µL 121 of tetramethylethylenediamine (TEMED) (Thermo Fisher Scientific), followed by incubation at 122 room temperature for 20 -60 min to allow full gelation before use. 123 124
The prepared DNA samples (5 µL) were mixed thoroughly with 1 µL of 6X DNA loading buffer 125 (Bio-Rad Laboratories). The mixtures were loaded into the wells of the prepared gel. The gel 126 electrophoresis (Edvotek Inc., DC, USA) was run at 100V for 50 -60 min in 1X TBE buffer, 127 followed by staining the gel with 1X SYBR Safe solution (Thermo Fisher Scientific) for 15 -30 128 min with gentle shaking. The stained gel was then imaged with a typical exposure time of 1 -5 129 sec using a gel documentation system (Analytik Jena US LLC, CA, USA). 130 131
The acquired gel images were analyzed using ImageJ 46,47 . The original gel images were first 132 rotated, cropped, and inverted, followed by subtracting the background with a rolling ball radius 133 of 10 pixels 48 . The preprocessed gel lanes were then analyzed using the gel analysis procedure 134
in ImageJ 46,47 , from which the intensities of the bands of DNA bows and that of the bands 135 corresponding to the relaxed ones (dimers, trimers, and oligomers) were obtained. Lastly, the 136 intensities were rescaled by dividing the band intensity of the DNA bows on the same gel in the 137 absence of ions/molecules of interest 41 . 138 139
Visualization of DNA bows using transmission electron microscopy (TEM) 140 141
The morphology of the bent DNA bows was visualized by TEM imaging. Briefly, the prepared 142 DNA bows (~2 µM) were diluted in the background buffer to a final concentration of ~200 nM. 143
Then, 5 μL of the diluted DNA solution was dropped onto a carbon film coated TEM grid (Electron 144
Microscopy Sciences, PA, USA), and incubated at room temperature for 1.5 min, followed by 145
removing the residual liquid with filter papers. The grid was washed by 5 μL of deionized water 146
and stained with 5 μL of 2 wt% Nano-W TM (Nanoprobes Inc., NY, USA) for 10 sec 49 . After 147 removing excess liquid with filter papers, the DNA sample was imaged using a JEOL 2100F TEM 148
with an acceleration voltage of 200 kV. 149 150
Results and Discussions
152
Visualization of DNA bows using TEM 153 154
TEM imaging was performed to directly visualize the constructed DNA bows after negative 155 staining with organo-tungstate compounds (Nano-W TM ) 49 . Examples of TEM images of individual 156 DNA bows clearly showed the bending structures ( Fig. 2A ), which are presumably the bent, 157
double-stranded part of the DNA bows. For confirmation, the arc lengths of the bending structures 158 on the TEM images were quantified using ImageJ 46,47 . A single peak was observed in the 159 distribution of the measured arc lengths (Fig. 2B We first examined the interaction of DNA with Mg 2+ ions from two different salts, MgCl2 and 178
MgSO4, and found that both salts were capable of driving the formation of relaxed DNA loops 179 ( Fig. 3A and 3B ). In the absence of the bent DNA bows to amplify the signals (i.e., with linear 180 DNA controls as shown in Fig. S1 ), the DNA molecules treated with MgCl2 and MgSO4 salts at 181 concentrations up to 7 mM did not show any observable difference in gel electrophoresis ( Fig.  182 S2, rows indicated by "CF", "CM", and "CR"). Quantifying the intensities of the bands showed little 183 differences for the increasing concentrations of Mg 2+ ions (◁, ▷, and ⬠ in Fig. 3A and 3B) . decreased as the concentrations of the Mg 2+ salts increased (• in Fig. 3A and 3B ). In addition, 188
heavier bands corresponding to relaxed DNA loops (such as dimers, trimers, and/or oligomers) 189 appeared in the presence of Mg 2+ salts (insets of Fig. 3A and 3B) 41 . By quantifying the intensities 190 of the relaxed species (i.e., all other bands except the bands of DNA bows), we confirmed that 191 the intensity of relaxed DNA loops increased, reaching a plateau at Mg 2+ concentration ≈ 3 mM 192 (□ in Fig. 3A and 3B) . and Ag + ions were 10 -100 times lower than that of Mg 2+ , K + , and Ca 2+ ions. 206 207
To quantify the strength of the DNA-salt interactions by the bent DNA bows, we fitted the 208 normalized intensities of the bands of DNA bows " as functions of the concentrations of the salts 209 using an equation derived from the Hill equation that has been extensively used for characterizing 210 the binding between ligands and macromolecules 63,64 , 211
where is the concentration of the tested salts, ℎ is the Hill coefficient, and is the characteristic 213 concentration of the tested salts producing half intensity of the band of DNA bows in the absence 214 of the salts. It turns out that (Eq. 1) fitted all the data very well (Fig. 3) . The fitted parameters (ℎ 215 and ) were presented in Fig. S4A for the seven tested inorganic salts. In addition, the 216 characteristic concentrations ( ) for different salts were compared in Fig. 3H , which suggested 217 that Al(NO3)3, Zn(NO3)2 and AgNO3 showed stronger interactions on DNA (i.e., lower values) 218 compared to MgCl2, MgSO4, KCl, and CaCl2. 219 220
In addition to the bands of DNA bows, we quantified the summed intensities of the relaxed bands 221 -and fitted them using the Hill equation 63,64 with the addition of a baseline ( ), 222
where /01 is the maximum intensity of the relaxed bands measured from the baseline. As shown 224 in Fig. 3 , the data from the relaxed bands can also be fitted well with the modified Hill equation, 225
providing an additional way to quantify the interactions of the inorganic salts with DNA. Note that 226 the two parameters in the Hill equation ( ′ and ℎ′) obtained from the relaxed bands are not 227 necessarily the same as those estimated from the bands of DNA bows ( " ), because the relaxed 228 bands contain multiple relaxed species of different orders (i.e., dimers, trimers, tetramers, and 229 other oligomers). Nonetheless, we found that ′ correlated very well with for all the test inorganic 230 salts, except for Al(NO3)3 ( Fig. S5 ). 231 232
Detection of small organic molecules using DNA bows 233 234
In addition to inorganic salts, we applied the bent DNA bows to amplify and detect the interactions 235 of DNA with small organic molecules (Table 1) . First, guanidine (guanidinium chloride, or 236 guanidine hydrochloride, GuHCl) were tested as it is is a commonly used chaotropic agent at high 237 concentrations to denature double-stranded DNA 65,66 . Second, salts of putrescine and spermidine 238
were chosen for testing our DNA bows because they have been reported previously to interact 239 with DNA, decreasing the persistence length of DNA and making DNA softer 21,67,68 . Third, we 240
tested EtBr and SYBR safe, which are commonly used DNA intercalators and DNA staining dyes 241 in gel electrophoresis 69-71 . Lastly, we tested two molecules that are relevant to the production of 242 DNA but unknown direct interactions with DNA: ganciclovir and thiamine. Ganciclovir is an 243 antiviral medication used to treat cytomegalovirus (CMV) infections, and ganciclovir triphosphate 244 is a competitive inhibitor of deoxyguanosine triphosphate (dGTP) incorporation into DNA 72,73 . 245
Thiamine is a vitamin that serves as a cofactor for a series of enzymes in different metabolic 246 pathways and is required for the production of ATP, ribose, NAD, and DNA 74,75 . 247 248
As expected, the interactions between DNA and guanidine, putrescine, spermidine, EtBr, or 249 SYBR Safe could be amplified and detected by the bent DNA bows. It is noted that these 250 interactions were not detectable or not significant without the bent DNA bow for amplification (i.e., 251 with linear double-stranded DNA controls) at low enough concentrations of these organic 252 molecules (rows indicated by "CF", "CM", and "CR" in Fig. S3 ). In contrast, when amplifying the 253 signal of the DNA interactions with these organic molecules using the bent DNA molecules, the 254 effects of the molecules at the same concentrations were observed ( Fig. 4A-4E , and rows 255 indicated by "Bent" in Fig. S3 ). Similar to the inorganic salts, the intensities of the bent DNA bands 256 decreased as the concentrations of the organic molecules increased; however, the ranges of the 257 "working" concentrations of the organic molecules were more diverse than the inorganic salts. It 258 is noted that this diversity suggests that the observed interactions of organic molecules with the 259 DNA bows were unlikely due to the residue ions in the solutions of organic molecules. In addition, 260
the appearance of the heavier bands suggested that guanidine, putrescine, spermidine, EtBr, and 261 SYBR Safe caused the formation of relaxed dimers or oligomers ( Fig. 4A-4E ). It is worthwhile to 262 point out that the patterns of the heavier bands are different for different organic molecules, and 263 some of the patterns are distinct from that of the inorganic salts (e.g., Fig. 4C-4E ), which again 264
suggests that the interactions of DNA with different organic molecules and inorganic salts are 265 different. 266 267
Interestingly, we observed that our bent DNA bows were also able to amplify and detect the 268 interactions of DNA with ganciclovir and thiamine. For ganciclovir, the intensities of the bent DNA 269 bands decreased, while faint bands of heavier species emerged as the concentration of 270 ganciclovir increased (Fig. 4F) . In contrast, heavier bands were absent as the concentration of 271 thiamine increased, even if the intensities of DNA bows decreased (Fig. 4G) . The decrease 272 cannot be attributed to the interference of thiamine with DNA staining using SYBR safe after 273 running the gel, as the decrease in the linear double-stranded DNA controls was much weaker 274 ( Fig. 4G, and Fig. S3 ). 275 276
Similar to the inorganic salts, the strength of the DNA interactions with these organic molecules 277 were quantified using the modified Hill equations (Eq. 1 for " , and Eq. 2 for -), which again fitted 278 all the data very well (exceptfor thiamine), as shown in Fig. 4 . The fitted parameters from " (ℎ 279 and ) were presented in Fig. S4B for the seven tested organic molecules. In addition, the 280 characteristic concentrations ( ) for different organic molecules were compared in Fig. 4H . 281
Furthermore, a good correlation between ′ obtained fromand Eq. 2 correlated and was 282 observed for all the organic molecules (except guanidine), although the fitting error of ′ for 283 thiamine is large (Fig. S5 ). 284 285
Conclusions
287
In conclusion, we demonstrated the application of bent DNA bows as amplifiers and sensors for 288 detecting and quantifying the interactions between DNA and 14 different inorganic salts and small 289 organic molecules. These interactions were difficult to detect and visualize using gel 290 electrophoresis with unbent DNA strands; however, our bent DNA bows were able to amplify 291 these interactions, making them much easier to visualize and quantify. The amplification was 292 facilitated by the bending energy in the bent DNA bows, which drove the conversion of the bent 293 DNA bows to relaxed species, such as relaxed loops (i.e., straightened double-stranded segment) 294 or dissociated single-strands 41,76 . In addition, this technique based on bent DNA bows were 295 capable of quantify the DNA interactions with the various inorganic salts and small organic 296 molecules by fitting the relation between the amount of bent DNA bows and the concentrations of 297 the tested salts or molecules presented in the solutions (i.e., " vs ) using the modified Hill 298 equations ( Eqs. 1 and 2) . The strength of the interactions the tested salts and molecules with 299 DNA can be reported by the characteristic concentration in the modified Hill equation. 300 301
This work highlights the amplification effects of bent DNA bows on the interactions between DNA 302 and other molecules. The demonstrations using 14 inorganic salts and organic molecules tested 303 in this study suggested that the bent DNA bows could serve reliably as amplifiers and biosensors 304 for many other DNA-interacting molecules. This work may also pave the way for exploiting the 305 bent DNA bows for other applications such as monitoring water quality and screening DNA-306 targeting molecules and drugs 77 . Furthermore, we expect that the bent DNA bows might be useful 307
for understanding protein-DNA interactions by not only amplifying the interactions but also 308
providing an additional controlling parameter (i.e., the curvature of DNA) 78-81 . 309 310
The bent DNA bows focus on improving the sensitivity of DNA interactions with small molecules 311 by amplification; however, the DNA bows are limited in distinguishing different ions or molecules. 312
In other words, although the strengths of the interactions of different inorganic salts and organic 313 molecules with the bent DNA bows are different, it is expected to be practically difficult to reliably 314 map back to the type of ions/molecules from the strengths (i.e., values or " -curves). 315
Nonetheless, this limitation of our method may not be a concern in many situations such as 316 screening DNA-targeting molecules or drugs in pharmaceutical applications 82,83 . 317 318
Gel electrophoresis was used in this study for visualizing the interactions of the various tested 319 salts and molecules with DNA. It is a commonly used, simple, economic biochemical technique, 320 available in most biological, biochemical, and/or biophysical laboratories 84-86 . One advantage of 321 using gel electrophoresis to read out the signals of DNA interactions with other molecules 322 amplified by the bent DNA bows lies in the accessibility, simplicity, economy and broad range 323 85, 86 , which is expected to make the bent DNA bows broadly useful. 
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